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TECHNICAL NOTE 3185

TABIES FOR THE COMPUTATION OF WAVE DRAG OF ARROW WINGS
OF ARBITRARY ATRFOIL SECTION

By Frederick C. Grant and Morton Cooper
SUMMARY

Tables and computing instructions are presented for the rapid evalu-
ation of the wave drag of delta wings and of arrow wings having a ratio of
the tangent of the trailing-edge sweep angle to the tangent of the leading-
edge sweep angle in the range from -1.0 %o 0.8. The tables cover a range
of both subsonic and supersonic leading edges.

TNTRODUCTION

The computation of the wave drag of wings at supersonlc speeds is an
extremely tedious task when other than the simplest of airfoil-sectlons
are considered. In reference 1, the baslc equations for the drag of arrow
wings of double-wedge airfoll sections have been obtained by the super-
position of constant-strength source distributions within the wing plan
form. This method has been extended in reference 2 into a generalized
procedure whereby the wave drag of arrow wings having arbitrary profiles
mey be determined. This extension is accamplished by using a finite num-
ber of constant-strength source distributions and hence entails approxi-
meting the airfoil section by a multisided polygon. This approach was
used (ref. 3) to determine minimm-drag airfoil sections for wings of a
given volume or a glven thickness ratio at & specified chordwise position,
subject to the additional restriction thet the airfoil section be the same
at all spanwise stations. For the configurations studled in reference 3,
computations were required for generalized coefficlents which can be used
for the rapld evaluation of the wave drag of arrow wings having airfoll
sections represented by twenty equally spaced straight-line segments per
surface. It is the purpose of this paper to present these coefficlients,
together with additional computations covering a wide range of the ratio
of the tangent of the trailing-edge sweep angle to the tangent of the
leading-edge sweep angle for both subsonic and supersonic leading edges.
The use of these coeffilcients is explained and an illustrative exsmple
presented.
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The authors wish to acknowledge the cooperative efforts of the
National Bureau of Standards personnel, particularly Otto Steiner, Sally
Tsingou, and Norman Levine, who set up the coding and carried through the
numerical computations on the National Buresu of Standards Eastern
Automatic Computer during June 1G653.

SYMBOIS
M Mach number
B cotengent of Mach angle, Vﬁé&:_i
ky tangent of leading-edge sweep angle (see fig. 1)
kN+l tangent of trailing-edge sweep angle (see fig. 1)
ny =1k /p
N number of equally spaced straight-lline segments used to form
one side of symmetrical airfoll
Cp drag coefficient based on wing area
t thickness ratio
X,¥,2 Cartesian coordinates
N slope of airfoll surface divided by thickness ratio,
Zi+l - 24
t(xi+l - xi)
1,3 arbitrary Iindices

ANy =N - Mol

m integer specifying location of maximum thilckness

BASIS OF TABLES

The wave drag of an arrow wing given by linear supersonic theory in
reference 3 cen be written in the form
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N_ N+t

P EE: j::
- = Cqi ANy AN (1)
=2 i i
t i=1 j=1+1 § 7
where Cij is a function of
N number of equally spaced straight-line segments per surface

used to approximate the airfoil

kN+l/kl ratio of the tangent of the tralling-edge sweep angle to the
tangent of the leading-edge sweep angle
n, ratio of the tangent of the leading-edge sweep angle to the

tangent of the Mach line sweep angle
The specific formule for Cjj can be determined from reference 3.

Values of cij for N = 20 are presented in tables I to VIII for

a range of values of le/kl and nj. (These tables are presented in
loose form in the envelope st the end of this report.}) A complete sum-
mexry of the specific values assumed and the teble in which the values
of Cij are glven is presented in the following table:

kg]_/kj_ Table _ .
n, =025{n =050 =0.73ny =1.00 |0 =1.25|n) =1.30 |, = 10/6 n, =1.70]n, =2.50|n, =5.00

-1.0 I{a) 1({b) I(e) I{d)

-.6 II(a) II(b) II(c) II(a) II(e) II{r)

-k ITi(e) ITT(b) III(e) I1I(d) T1I(e) III(Z) III{g)

-2} I¥(a) v(b) v(e} v(a) (e} w(s) V(&) ¥(n)
c ¥(e} ¥(v) V{e) v(a) v(e) v(t) v(a) v(n)

.2 vi{a) vIi(b) vi{c) vI{a) vIe) VI(£) vi(e) vI(h)

R ¥Ii{a) ¥II(b) vizi(ec) vizi(a) viI(e) viI(r) VIiI{g)

.8 VITi(a)} YIII(b) VIII(c) VIII{d) YIII(e) vIII(e)

For the sweptforward treiling edges (tables I to IV), the largest
value of n; 1is that which gives soniec trailing edges. For compactness

of presentation, coefficients for two values of n, are presented per
page, one belng upside down. The values are given to seven decimal places,

except in table I(d) in the first row and the last column where the calcu-
lations are accurate to only five decimal places.
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USE OF TABLES

The use of the tabulated coefficients for the evaluation of BCD/t2

is illustrated for a five-sided airfoil (N = 5) by the following simpli-
fied table which is set up to facilitate, computations on a desk-type
computing machine equipped with an accumilative-multiplication feature:

= == 1515

My ong Fong N, [ | ang
A | B c | p | E

F ¢ | E | I

J K | L

N | P

Q

The coefficients A to Q are the tabulated CiJ values. The AA's

are alrfoil-geometry perameters computed on an auxillary form from the
relationship: S

ANy =N - ML
where

2341 T %1

B(%341 - %4)




NACA TN 3185 )

The parameter E 1 isg

™

AA7\2+BA7\5+CA7\1L+DA7\5+EA7\6

EAN

™

5+GA7\1++HA7\5+IA7\6

M

5 = JAN, + KA\ + I0g

M

NAN; + PANg

M

QANg

In performing the calculations with desk-type machines with the

accumulative-multiplication feature, only the final Zi values need
be recorded. The drag is then given by (eq. (1)):

- _[?_.c]_). = A}\lzl + A)\EZE + M5ZB + A?\),;le. + &525 (2)

£2
ILIUSTRATIVE EXAMPLE

A detailed calculstion is now performed for illustrative purposes
k
for ny = 0.5 and —%— = 0.4 (table VII(b)). The assumed airfoil
1

coordinates for N = 20 are presented in columns (1) and (2) of the
following table:



(1) (2) (3) (%)
X 2/t A JAYN
o}
0 1.82120
1.82120
.05 .09106 -.17320
1.64800
.10 AT7346 -.17680
1.47120
15 24702 -.18080
1.29040
.20 .31154 -.18400
1.10640
25 . 36686 -.18720
. 91920
.30 L1282 -.19060
. 72860
.35 JAihoos : -.19320
53540
4o L7602 -.19520
33920
A5 192098 -.19880
L1 ok0
50 .50000 _ -.20100
-. 06060
55 L9697 -.20360
-.26420
.60 48376 ‘ -.20560
-.16980
.65 46027 -.20780
-.6T760
.70 L2639 -.20960
-.88720
15 .38203 -.21140
-1.09860
.80 .32710 : -.21320
-1.31180
.85 26151 -.21480
-1.52660
.90 .18518 -.21640
-1.74300
.95 .09803 ' -.21760
-1.96060 ~
1.00 1.96060
o}
2 A=0|2"m=0

NACA TN 3185
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The values of A {column (3)) are differences in successive values of
z/‘t from column (2) divided by differences in successive values of x
from column (1); the values of AN (column (4)) are differences in
successive values of A from column (3) As a check at this point, the
sum of the values of A and AN, columns (3) and (&), respectively,
must individually equal zero.

The drag is, according to the scheme of equation (2),

- ETCD = AN, (0.2422916) + ANy (0.1766T4T) + Ar3(0.5540392) +

AN, (0.8895163) + AN5(1.1827260) + ANg(1.4334612) +
AN7(1.64150Th) + ANg(1.8065982) + Ahg(1.92863kk) +
AN\ o(2.0074207) + ANj7(2.0428388) + AN;o(2.0348L63) +
AN;3(1.9833051) + AA3)(1.8881943) + Ahps5(1.THOH389) +
ANy (1.5670383) + A 7(1.3409793) + Ahqg(1.0712579) +
&19(0.7578198) + Ah50(0.4007190)

or

BCp _
- = 5. 7462

t

The entire computation of BCD/t?- starting from the tebulated coordi-
nates should, in general, take about 1 hour.

The tabulated values (tables I to VIII)} can be spplied directly to
airfoils having 2, 4, 5, or 10 sides by letting the appropriate values
of AN vanish. For example, if the airfoil 1s a double wedge with
maximum thickness at the 50-percent-chord line, then AN} = Ahpy = 1,

ANy = -2, and all remaining AA's = O.
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The value of BCD/t2 obtained by replacing the actual airfoll

section by straight-line segments depends, of course, upon the number
of sides N used in the approximation. On the basis of calculations
discussed in references 2 and 3, a value of N = 20 appears to be
sufficiently large for reasonable airfoils when the linear-theory drag
is finite. However, this approximate procedure would fail in all cases
involving a round-nose airfoil on a wing having a supersonic leading
edge inasmuch as the linear-theory drag for such cases is infinite.

Langley Aeronautical Lsboratory, )
National Advisory Committee for Aeronautics,
langley Field, Va., March 1, 195k.
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Figure 1.~ Schematic drawing of wing geometry.
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